little is known about how cells react to fluctuating conditions. Here we address this question 23 at the genomic scale by measuring the relative proliferation rate (fitness) of 3,568 yeast gene 24 deletion mutants in out-of-equilibrium conditions: periodic oscillations between two salinity 25 conditions. Fitness and its genetic variance largely depended on the stress period. with a defective response. How they act in motion, however, is unclear and it is difficult to 42 predict which ones may be crucial upon certain frequencies of environmental fluctuations. In 43 addition, since most screens were conducted in steady stressful conditions or after a single 44 stress occurrence, molecules that are key to the dynamics may have been missed. 45
46
The control of cellular proliferation is essential to life and is therefore the focus of 47 intense research, but its coupling to environmental dynamics remains poorly characterized. In 48 addition, proliferation drives evolutionary selection, and the properties of natural selection in 49 fluctuating environments are largely unknown. Although experimental data exist 1,2 , they are 50 scarce and how mutations are selected in fluctuating conditions have mostly been studied 51 under theoretical frameworks [3] [4] [5] [6] . Repeated stimulations of a cellular response may have 52 consequences on growth that largely differ from the consequences of a single stimulus. First, 53 a small growth delay after the stimulus may be undetectable when applied only once, but can 54 be highly significant when cumulated over multiple stimuli. Second, growth rate at a given 55 time may depend on past environmental conditions that cells 'remember', and this memory 56 can sometimes be transmitted to daughter cells 7 . These two features are well illustrated by the 57 study of Razinkov et al. , who reported that protecting yeast GAL1 mRNA transcripts from 58 their glucose-mediated degradation resulted in a growth delay that was negligible after one 59 galactose-to-glucose change but significant over multiple changes 8 . This effect is due to short-60 term 'memory' of galactose exposures, which is mediated by GAL1 transcripts that are 61 produced during the galactose condition and later compete for translation with transcripts of 62 the CLN3 cyclin during the glucose condition. Other memorization effects were observed on 63 bacteria during repeated lactose to glucose transitions, this time due to both short-term 64 memory conferred by persistent gene expression and long-term memory conferred by protein 65 stability 9 . 66
67
The yeast response to high concentrations of salt is one of the best studied mechanism 68 of cellular adaptation. When extracellular salinity increases abruptly, cell-size immediately 69 reduces and yeast triggers a large process of adaptation. The translation program 10, 11 and 70 turnover of mRNAs 12 are re-defined, calcium accumulates in the cytosol and activates the 71 calcineurin pathway 13 , osmolarity sensors activate the High Osmolarity Glycerol MAPK 72 pathway 13, 14 , glycerol accumulates intracellularly as a harmless compensatory solute 14 , and 73 membrane transporters extrude excessive ions 13 . Via this widespread adaptation, hundreds of 74 genes are known to participate to growth control after a transition to high salt. What happens 75 in the case of multiple osmolarity changes is less clear, but can be investigated by periodic 76 stimulations of the adaptive response. For example, periodic transitions between 0 and 0.4M 77 NaCl showed that MAPK activation was efficient and transient after each stress except in the 78 range of ~8 min periods, where sustained activation of the response severely hampered cell 79 growth 15 . How genes involved in salt tolerance contribute to cell growth in specific dynamic 80 regimes is unknown. If a protein participates to the late phase of adaptation its mutation may 81 have a strong impact at large periods and no impact at short ones. It is also possible that 82 mutations affecting growth in dynamic conditions have been missed by long-term adaptation 83 screens. As mentioned above, a slight delay of the lag phase of adaptation may remain 84 unnoticed after a single exposure, but its effect would likely cumulate over multiple 85 exposures and be under strong selection in a periodic regime. Thus, even for a well-studied 86 system such as yeast osmoadaptation, our molecular knowledge of cellular responses may be 87 modest when dynamics are to be understood. 88
89
Although microfluidics enables powerful gene-centered investigations, its limited 90 experimental throughput is not adapted to systematically search for genes involved in the 91 dynamics of a cellular response. Identifying such genes can be done by applying stimulations 92 to mutant cells periodically and testing if the effect of the mutation on proliferation is 93 averaged over time. In other word, does fitness (proliferation rate relative to wild-type) of a 94 mutant under periodic stress match the time-average of its fitness in each of the alternating 95 condition? This problem of temporal heterogeneity is equivalent to the homogenization 96 problem commonly encountered in physics for spatial heterogeneity, where microscopic 97 heterogeneities in materials modify macroscopic properties such as their stiffness or 98 conductivity 16 . If fitness is homogeneous (averaged over time), it implies that the effect of the 99 mutation on the response occurs rapidly as compared to the frequency of environmental 100 changes, that is does not affect the response lag phase and that the mutated gene is not 101 involved in specific memory mechanisms. In contrast, fitness inhomogeneity (deviation from 102 time-average expectation) is indicative of a role of the gene in the response dynamics. 103
104
In this study, we present a genomic screen that addresses this homogenization problem 105 for thousands of gene deletion mutations in the context of the yeast salt response. The results 106 reveal how selection of mutations can depend on environmental oscillations and identify 107 molecular processes that unsuspectedly become major controllers of proliferation at short 108 periods of repeated stress. 109
RESULTS 111 112
Genomic profiling of proliferation rates in steady and periodic salt stress 113
114
We measured experimentally the contribution of thousands of yeast genes on 115 proliferation in two steady conditions of different salinity, and in an environment that 116 periodically oscillated between the two conditions. We used a collection of yeast mutants 117 where ~5,000 non-essential genes have been individually deleted 17 . Since every mutant is 118 barcoded by a synthetic DNA tag inserted in the genome, the relative abundance of each 119 mutant in pooled cultures can be estimated by parallel sequencing of the barcodes (BAR-120 Seq) 18, 19 . We set up an automated robotic platform to culture the pooled library by serial 121 dilutions. Every 3 hours (average cell division time), populations of cells were transferred to a 122 standard synthetic medium containing (S) or not (N) 0.2M NaCl. The culturing program was 123 such that populations were either maintained in N, maintained in S, or exposed to alternating 124 N and S conditions at periods of 6, 12, 18, 24 or 42 hours (Fig. 1A) . Every regime was run in 125 quadruplicates to account for biological and technical variability. Duration of the experiment 126 was 3 days and populations were sampled every day. After data normalization and filtering 127 we examined how relative proliferation rates compared between the periodic and the two 128 steady environments. 129
130
Protective genes have diverse contributions to proliferation under periodic stress 131
132
We observed that genes involved in salt tolerance during steady conditions differed in 133 the way they controlled growth under the periodic regime. As shown in Fig. 1B, differences  134 were visible both among genes inhibiting growth and among genes promoting growth in high 135 salt. For example, NBP2 is a negative regulator of the HOG pathway 20 and MOT3 is a 136 transcriptional regulator having diverse functions during osmotic stress 21, 22 . Deletion of either 137 of these genes improved tolerance to steady 0.2M NaCl (condition S). In the periodic regime, 138 the relative growth of mot3Δ cells was similar to the steady condition N, as if transient 139 exposures to the beneficial S condition had no positive effect. In contrast, the benefit of 140 transient exposures was clearly visible for nbp2Δ cells. Differences were also apparent among 141 protective genes. The Rim101 pathway has mostly been studied for its role during alkaline 142 stress 13 , but it is also required for proper accumulation of the Ena1p transporter and efficient 143 Na + extrusion upon salt stress 23 . Eight genes of the pathway were covered by our experiment. 144
Not surprisingly, gene deletion decreased (resp. increased) proliferation in S (resp. N) for all 145 positive regulators of the pathway (Fig. 1B (Fig. 1G) . Fitness is inhomogeneous when this ratio deviates from 1. Plotting the distribution of this 201 ratio at each period of fluctuation showed that, as expected, inhomogeneity was less and less 202 pronounced as the period increased ( Fig. 2A) . We examined more closely three mutants 203 displaying the highest inhomogeneity at the 6h period. Plotting their relative abundance in the 204 different populations over the time of the experiment clearly showed that fitness of these 205 mutants was unexpectedly extreme at short periods but less so at larger periods (Fig. 2B) . 206
207
The fact that some mutants but not all were extremely fit to short-period fluctuations 208 raised the possibility that the extent of differences in fitness between mutants may change 209 with the period of environmental fluctuation. To see if this was the case, we computed the 210 genetic variance in fitness of each pooled population of mutants (see methods). Fitness 211 variation between strains was more pronounced when populations were grown in S than in N, 212 which agrees with the known effect of stress on fitness differences 31 . Remarkably, differences 213 were even larger in fast-fluctuating periodic regimes, but not slow-fluctuating ones ( Fig. 2A) (Fig. 3A) . Interestingly, gene deletions conferring higher 228 fitness in N than in S tended to be over-selected in the 6h-periodic regime, revealing a set of 229 yeast genes that are costly in standard laboratory conditions as well as in the fast-fluctuating 230 regime. We then searched for gene deletions that were advantageous in one steady condition 231 and deleterious in the other (AP deletions). We found 48 gene deletions with statistically-232 significant AP between the N and S conditions (FDR = 0.01, Supplementary Table 3, see  233 methods and Fig3-supplement-1). Interestingly, three of these genes coded for subunits of the 234 chromatin-modifying Set1/COMPASS complex (Supplementary Table 2 and Fig3-235 supplement-2). We inspected whether the direction of effect of these 48 deletions depended 236 on the period of fluctuations (Fig. 3B ). For 33 (resp. 6) AP deletions, the effect was positive 237 (resp. negative) at all periods. For two mutations (vhr1Δ and rim21Δ), the direction of 238 selection changed with the oscillating period. To visualize the periodicity-dependence of all 239 AP deletions, we clustered them according to their fitness inhomogeneity ( Fig. 3C-D ). This 240 highlighted 5 different behaviours: fluctuations could strongly favour proliferation of a 241 mutant at all periods (e.g. cin5Δ) or mainly when they were fast (e.g. oca1Δ), they could 242 mildly increase (e.g. rim101Δ) or decrease it (e.g. csf1Δ) or they could both increase and 243 decrease it depending on their period (vhr1Δ). Thus, fitness during alternating selection was 244 generally asymmetric in favour of positive selection, and its dependency to the alternating 245 period differed between genes. 246 247
Environmental oscillations exacerbate the proliferation of some mutant cells 248 249
We made the surprising observation that fitness during fluctuations could exceed or 250 fall below the fitness observed in both steady conditions (Fig. 2B ), a behaviour called 251 'transgressivity' hereafter. By using the available replicate fitness values, we detected 55 252 (resp. 23) gene deletions where fitness in the periodic environment was significantly stronger 253 (resp. weaker) than the maximum (resp. minimum) of fitness in N and in S (Fig 4A,  254 FDR=0.03, see methods). Importantly, transgressivity was observed not only from BAR-Seq 255 but also when studying gene deletions one by one in competition assays, as shown for pde2Δ, 256 tom7Δ, trm1Δ and yjl135wΔ ( Fig. 4B-E ). This reveals that environmental oscillations on short 257 time scales can twist natural selection in favour of a subset of mutations on the long term. 258
This may have important implications on the spectrum of mutations found in 259 hyperproliferative clones that experienced repetitive stress (see discussion). It is also 260 remarkable that the gene deletions displaying this effect were associated to various cellular 261 and molecular processes: cAMP/PKA (pde2Δ), protein import into mitochondria (tom7Δ), 262 autophagy (atg15Δ), tRNA modification (trm1Δ), phosphatidylcholine hydrolysis (srf1Δ) and 263 MAPK signalling (ssk1Δ, ssk2Δ); and some of these molecular functions were not previously 264 associated to salt stress. 265
266
The high-affinity cAMP phosphodiesterase and Tom7p are necessary to limit 267 hyperproliferation during periodic salt stress 268
269
As mentioned above, several gene deletions impairing the cAMP/PKA pathway 270 displayed inhomogeneous fitness (Supplementary Table 2 ). One of them, pde2Δ, had a 271 particularly marked fitness transgressivity (Fig. 4B ). To determine if this effect truly resulted 272 from the loss of PDE2 activity, and not from secondary mutations or perturbed regulations of 273 neighboring genes at the locus, we performed a complementation assay. Re-inserting a wild-274 type copy of the gene at another genomic locus reduced hyperproliferation and fully abolished 275 fitness transgressivity (Fig. 4F) . Thus, the observed effect of pde2Δ directly results from the 276 loss of Pde2p, the high-affinity phosphodiesterase that converts cAMP to AMP 32 , showing 277 that proper cAMP levels are needed to limit proliferation during repeated salinity changes. 278 279 Unexpectedly, we found that deletion of TOM7, which has so far not been associated 280 to saline stress, also caused fitness transgressivity in the 6h-periodic environment (Fig. 4C) . 281
The Tom7p protein regulates the biogenesis dynamics of the Translocase of Outer Membrane 282 (TOM) complex, the major entry gate of cytosolic proteins into mitochondria 33 , by affecting 283 both the maturation of the central protein Tom40p and the later addition of Tom22p 34, 35 . We 284 observed that re-inserting a single copy of TOM7 in the homozygous diploid mutant was 285 enough to reduce hyperproliferation, although not to the levels of the wild-type diploid, and 286 abolished fitness transgressivity ( 
298
We quantified the contribution of 3,568 yeast genes to cell growth during periodic salt 299 stress. This survey showed that for about 2,000 genes, fitness was not homogenized over 300 time. In other words, the observed fitness of these genes in periodic stress did not match the 301 time-average of the fitness in the two alternating conditions. This widespread and sometimes 302 extreme time-inhomogeneity of the genetic control of cell proliferation has several important 303
implications. 304 305
Novel information is obtained when studying adaptation out of equilibrium. 306 307 A large part of information about the properties of a responsive system is hidden at 308 steady state. For example, a high protein level does not distinguish between fast production 309 and slow degradation. For this reason, engineers working on control theory commonly study 310 complex systems by applying periodic stimulations, a way to explore the system's behaviour 311 out of equilibrium. Determining the frequencies at which a response is filtered or amplified is 312 invaluable to predict the response to various types of stimulations. Such spectral analysis can 313 sometimes reveal vulnerabilities, and it has also been applied to biological systems 36 . In the 314 case of the yeast response to salt, Mitchell et al. 15 monitored activation of the HOG pathway 315 upon periodic stimulations and reported a resonance phenomenon at a bandwidth that was 316 consistent with the known kinetics of the pathway. 317
In the present study, mutant cells used in a genomic screen were repeatedly stimulated 318 by a periodic stress. This revealed two features of the salt stress response that were not 319 suspected. Numerous gene deletions exacerbate hyperproliferation at short fluctuation periods 320 below which prediction is challenging. We showed that for a given system (yeast tolerance to 337 salt) this limit differed between mutations. Future experiments that track the growth of 338 specific mutants in microfluidic chambers may reveal the bandwith of frequencies at which 339 GxE interactions take place. 340
341
It is important to distinguish a periodic stress that is natural to an organism from a 342 periodic stress that has never been experienced by the population (as considered here). In the 343 first case, populations can evolve molecular clocks adapted to the stress period. This capacity 344 is well known: nature is full of examples, and artificial clocks can be obtained by 345 experimental evolution of micro-organisms 37 . In the case of periodic stress, an impressive 346 result was obtained on nematodes evolving under anoxia/normoxia transitions at each 347 generation time. An adaptive mechanism emerged whereby hermaphrodites produced more 348 glycogen during normoxia, at the expense of glycerol that they themselves needed, and 349 transmitted this costly glycogen to their eggs in anticipation to their need of it in the 350 upcoming anoxia condition 38 . In contrast, when a periodic stress is encountered for the first 351 time, cells face a novel challenge. The dynamic properties of their stress response can then 352 generate extreme phenotypes, such as hyperproliferation, as described here (Fig. 2B, Fig. 4A of Cvijovic et al. 5 ). As a result, the effect of the mutation significantly deviated from the time-372 average of its effect in each of the conditions. It is important to distinguish this 373 inhomogeneity from the one we describe here. First, we did not measure the effect of de novo 374 mutations but of mutations that were all present prior to the fluctuations. Although rare 375 additional mutations could arise afterwards, their effect would only be significant in the case 376 of dominance (because we used homozygous diploid strains), and convergence (we monitored 377 several replicate populations in parallel), which is very unlikely for less than 30 generations. 378
Second, the mutations we studied did not necessarily have a symmetric effect between the 379 two conditions (see srf1Δ in the four microplates containing cells were removed from the incubator (30°C, 270 rpm) and 527 cells were transferred to a single sterile plate having a 1.2 µm-pore filter bottom (Millipore, 528 MSBVS1210), media were removed by aspiration, four fresh source plates were extracted 529 from the stock, 62 µl of sterile media was pipeted from each of them and transferred to the 530 filter plate, cells were resuspended by pipetting 220 µl up and down, and 60 µl of cell 531 suspension were transferred to each of the 4 source plates which were then incubated at 30°C 532 with 270 rpm for another 3 hours. Every 6 hours, cell density was monitored for one of the 533 four replicate plates by OD 600 absorbance. Every 24 hours, 120 µl of cultures from each 534 replicate plate were sampled, pooled in a single microplate, centrifuged 10 minutes at 5000g 535 and cell pellets were frozen at -80°C. Dilution rates of the populations were: 85% when the 536 action was only to replace the media, 55% when it was to replace the media and to measure 537 OD, and 32% when it was to replace the media, to measure OD and to store samples. 538
The experiment lasted 78 hours in total and generated samples from 28 independent 539 populations at time points 6h (end of initialization), 30h, 54h and 78h. primer at 333 nM and 1 µl of gDNA at 300 to 400 ng/µl. Annealing temperature was 52°C, 561 extension time 30 sec, and 30 cycles were performed. As observed previously, the PCR 562 product migrated as two bands on agarose gels, which can be explained by heteroduplexes 64 . 563
Both bands were extracted from the gel, purified and eluted in 30 µl water. All 112 564 amplification products were pooled together (10 µl of each), gel-purified and eluted in a final 565 volume of 30 µl water and sequenced by 50nt single reads on a Illumina HiSeq2500 566 sequencer by ViroScan3D/ProfileXpert (Lyon, France). 567 568 Data extraction, filtering and normalization. Demultiplexing was done via an error-569 correction Hamming code as described previously 63 . Mapping (assignment of reads to yeast 570 mutant barcodes) was done by allowing a maximal Levenstein distance of 1 between a read 571 and any sequence in the corrected list of mutant barcodes of Smith et al. 18 . In total, 291 572 million reads were mapped and used to build a raw 6,004 (mutants) by 112 (samples) table of 573 counts. One sample was discarded because it was covered by less than 300,000 total counts 574 and displayed mutants frequencies that were poorly correlated with their relevant replicates. 575
Similarly, 2,436 mutants were covered by few (< 2,000) counts over all samples (including 576 samples of another unrelated experiment that was sequenced in parallel) and were discarded, 577 leaving a count table of 3,568 mutants by 111 samples for further analysis. This table was 578 then normalized using the function varianceStabilizingTransformation from the DESeq2 579 package 65 (version 1.8.1) with arguments blind = FALSE and fitType = 'local'. 580 581 Fitness estimation. We followed the method of Qian et al. 28 to estimate the fitness cost or 582 gain (w) of each mutant in each population. Eleven genes (Supplementary Table 4) were 583 considered to be pseudogenes or genes with no effect on growth, and the data from the 584 corresponding deletion mutants were combined and used as an artificial "wild-type" 585 reference. For each mutant strain M, w was calculated as : 586
with M b , M e , WT b , and WT e being the frequencies of strain M and artificial wild type strain 587 (WT) at the beginning (b) or end (e) of the experiment, and g the number of generations in 588 between. g was estimated from optical densities at 600nm of the entire population. It poorly 589 differed between conditions and we fixed g = 24 (8 generations per day, doubling time of 3h). 590
591
Deviation from time-average fitness. We analyzed fitness inhomogeneity by both 592 quantifying it and testing against the null hypothesis of additivity. The quantification was 593 done by computing =
, where w observed was the fitness of the mutant strain 594 experimentally measured in the periodic environment and w expected was the fitness expected 595
given the fitness of the mutant strain in the two steady environments (N and S), calculated as 596
with f N and f S being the fraction of time spent in N and S media, respectively, during the 597 course of the fluctuation experiment. Statistical inference was based on a Generalized Linear 598
Model applied to the normalized count data. We assumed that the normalized counts of 599 mutant i in condition c (N, S or periodic) at day d in replicate population r originated from a 600 negative binomial distribution NB(λ i , α), with : 601 we combined these estimates in 3 pairs of (w N , w S ) values by randomly discarding one of the 625 4 available w S values, and these pairs were considered as 3 independent observations. We 626 considered that an observation supported AP if the fitness values (w N , w S ) showed (1) an 627 advantage in one of the conditions and a disadvantage in the other, and (2) deviation from the 628 distribution of observed values in all mutants, since most deletions are not supposed to be AP. 629
Condition (1) corresponded to: ( w N > 1 AND w S < 1) OR (w N < 1 AND w S > 1). Condition 630 (2) was tested by fitting a bivariate Gaussian to all observed (w N , w S ) pairs and labelling those 631 falling 2 standard deviations away from the model (Fig3-supplement-1) . A deletion was 632 considered AP if all 3 observations supported AP, which was the case for 48 deletions. A 633 permutation test (re-assigning observations to different deletions replicates) determined that 634 less than one deletion (0.54 on average) was expected to have three observations supporting 635 AP by chance only (Supplementary Table 3) . For the selected 48 deletions, the magnitude of 636 AP was computed as w N / w S . For each deletion, the direction of selection (Fig. 3C) 
, where ! 647 (resp. ! ) was the mean fitness value in steady condition N and S, respectively, and ! (resp. 648 ! ) the corresponding standard deviation. A permutation test (re-assigning observations to 649 random mutants) determined that less than three mutants (2.24 on average) were expected to 650 display three replicates supporting transgressivity by chance only (Supplementary Table 5) . 651 Wild-type strain BY4743 and individual mutants of interest were ordered from Euroscarf. We 656 constructed a GFP-tagged wild-type strain (GY1738), and its non-GFP control (GY1735), by 657 tranforming BY4743 with plasmids pGY248 and HO-poly-KanMX4-HO 66 , respectively. 658
Plasmid pGY248 was ordered from GeneCust who synthesized a Pact1-yEGFP BamHI 659 fragment and cloned it into HO-poly-KanMX4-HO. Complemented strains were generated by 660 cloning the wild-type copy of each gene of interest into a plasmid targeting integration at the 661 HO locus. We first prepared a vector (pGY434) by removing the repeated hisG sequence of 662 plasmid HO-hisG-URA3-hisG-poly-HO 66 by SmaI digestion and religation followed by ClaI 663 digestion and religation. For PDE2, the wild-type (S288c) coding sequence with its 600bp 664 upstream and 400bp downstream regions was synthesized by GeneCust and cloned in the 665
BglII site of pGY434. The resulting plasmid (pGY453) was digested with NotI and 666 transformed in strain GY1821 to give GY1929. For TOM7, we constructed plasmid pGY438 667 by amplifying the HOL-URA3-HOR fragment of pGY434 with primers 1O21 and 1O22, and 668 cloning it into pRS315 67 (linearized at NotI) by in vivo recombination. The wild-type copy 669 of TOM7 (coding sequence with its 465bp upstream and 813bp downstream regions) was 670 PCR-amplified from strain BY4742 using primers 1O27 and 1O28 and co-transformed in 671 BY4742 with PacI-PmeI fragment of pGY438 for in vivo recombination. The resulting 672 plasmid (pGY442) was digested by NotI and the 4-kb fragment containing HO-URA3-673 TOM7-HO was gel-purified and transformed in GY1804 to obtain GY1921. Proper 674 integration at the HO locus was verified by PCR. Since complementation was accompanied 675 by the URA3 marker, which likely contributes to fitness, we competed strains GY1921 and 676 GY1929 with a URA+ wild-type strain (GY1961), which was obtained by transforming strain 677 GY1738 with the PCR-amplified URA3 gene of BY4716 (with primers 1D11 and 1D12). The 678 non-GFP control URA+ wild-type strain GY1958 was obtained similarly. 679 REG1  VPS21  CSF1  LAT1  STP4  LEM3  BEM4  RIM101  DFG16  SDC1  VPS35  PEX5  ZDS1  RIM21  YML086C.1  YLR374C  AIM26  RIM20  PFK26  SWD3  NCL1  YDL172C  BRE2  MAK10  TAH1  GIT1  ETT1  PDE2  RPL40A  YCR087W  ALG8  CDC50  YCR050C  TMA46  RPL15B  YCR087C−A  YCR061W  OCA1  NPR1  RRT12  ATG15  PBS2  HOG1  VHR1  CIN5 
